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FINAL REPORT
DAAD19-02-1-0278
James E. McGrath, Virginia Tech

Objectives

The scientific progress and accomplishment for this 3-year award was based upon our overal
motivation for this project is to sudy wholly aromatic, optionally fluorinated copolymers to
fundamentally understand the relationship between the PEM chemical structure, morphology,
transport properties, and the performance of the DMFC fuel cell membranes.

Thus, we studied wholly aromatic optionally fluorinated random or statistical copolymers to
fundamentally understand the relationship between PEM chemical structure and morphology,
transport properties and the performance of fuel cell membranes. To do this we generated
copolymers that vary in their ion content, acidity and chain stiffness. We investigated a number
of membrane properties, such as proton conductivity, methanol permeability, water transport,
transition behavior and we are beginning to investigate organic-inorganic hybrids. The
membrane properties define the thin film characteristics required. However, the fuel cell
performance is a strong function of the electrode fabrication and attachment efficiencies. Much
of this work has been summarized in a comprehensive review just published y the Pl and his
colleagues. (Ref: M.A. Hickner, H. Ghassemi, Y.S. Kim, B. Einda and JE. McGrath,
“Alternative Polymer Systems for Proton Exchange Membranes,” Chemical Reviews (2004),
104(10), 4587-4611.

As discussed in prior progress reports, the polyarylene ether sulfones have been the principal
area of interest for a variety of reasons, including monomer availability, thermal, hydrolytic and
oxidative stability, and the ability to form tough, ductile films. We have particularly developed a
system which is based on hydrophilic-hydrophobic interactions as outlined in Figure 1.

%HO Ohr e OO {ﬁ

$03H
2N
Hydrophobic Hydrophlllc

Vv Acronym: BPSH-xx-Mx
Bi Phenyl Sulfone: H Form (BPSH)
xx= molar fraction of disulfonic acid unit, e.g., 30, 40, etc.
Mx: Acidification method, e.g., M1, etc.

v Acidification Treatment
Method 1: 1.5M H,SO,, 30°C, 24hrs, then deionized H,O, 30°C, 24hrs.
Method 2: 0.5M H,SO,, boil, 2hrs, then boiled deionized H,O, 2hrs.

Figure 1. Sulfonated  Poly(Arylene  Ether  Sulfone)s (BPSH)



The acronym BPSH has been developed to describe the multiphase copolymers that are derived
from biphenyl sulfones in the acid form, where the xx rates to the mole fraction of the ion
conducting hydrophilic moietiesthat are introduced. Thus, we will discuss in terms of BPSH 30-
, 35-, 40, etc. During the past year a great deal of effort has been made to point out the
differences between the pure hydrocarbon-based systems, and the partialy fluorinated systems

based upon fluorinated Bisphenol A. The overall reaction scheme to produce the copolymers is
shown in Figure 2.

o}
|| il
cl
II (|)|
=—— or C(CF3), NaO3S SO3Na
NMP/Toluene/K ,CO3
160°C Reflux 4hrs
190°C 16hrs
| ||
|| || v
NaOS SOsNa_l
l .
o}
Il
- S -
I
e} %
HO,S SOH Iy

Figure 2. Synthesis of disulfonated poly(arylene ether sulfone) copolymers

The permeability of these materials, coupled with their drag capabilities are shown in Figure 3.
Here the comparison between the 30, 35 and 40% copolymers with Nafion 117 is made. Asone
notes, the thin film conductivity decreases at room temperature as one decreases the
concentration of ion conductors, as expected. However, very desirably, the methanol
permeability in electro-osmotic drag also decreased quite significantly, alowing for
improvements of more than 4 in the basic reduction of permeability to methanol and/or electro-

osmotic drag in water. This is very important because the global or overall water uptake actually
appearsto be significantly higher.



ion

water . methanol electro-osmotic

exchange \ye COndUCtVity o eaility drag coef.

Py gy (Slem) (cm?/s) (N H,O/H*)

(meg/g) 2
Nafion 117 0.91 19 0.11 16.7107 3.0
BPSH-40 1.71 58 0.10 8.1*10° 1.3
BPSH-35 1.51 38 0.08 5.6¥107 0.9
BPSH-30 1.32 31 0.06 3.6¥10° 0.7

30°C in liquid water

Figure 3. Copolymer Characterization

As we have pointed out in a publication in Macromolecules, this is because the nature of the
water is different in the aromatic sulfonic acid moieties, relative to Nafion. (Ref.: Y.S. Kim, L.
Dong, M. Hickner, T.E. Glass, and JE. McGrath, “State of Water of Disulfonated Poly(arylene
ether sulfone) Copolymers and a Perfluoro Sulfonic Acid Copolymer (Nafion) and Its Effect on
Physical and Electrochemical Properties,” Macromolecules, 36(17), 6281-6285 (2003). There is
a higher component of strongly hydrogen-bonded and loosely hydrogen bonded systems and a
lower component of “free water.” Thus, one can begin to develop models for how the transport
system can be modeled and this is being pursued. The improved DM FC results can be correlated
with the lower methanol permeability.

The composition and morphology control the methanol permeability in these membranes, as
summarized below (Ref: Yu Seung Kim, Michael A. Hickner, Limin Dong, Bryan S. Pivovar,
and James E. McGrath, “Sulfonated Poly(Arylene Ether Sulfone) Copolymer Proton Exchange
Membranes. Composition and Morphology Effects on the Methanol Permeability,” Journal of
Membrane Science, 243(1-2), 317-326, 2004).

Methanol permeability of directly copolymerized 4,4’ -biphenol based disulfonated poly(arylene
ether sulfone) copolymers (BPSH) was investigated with reference to utility as a proton
exchange membrane (PEM) for direct methanol fuel cells (DMFC). Water uptake and dynamic
mechanical analysis were coupled with previous observations that the PEM can have two
functional morphological regimes, which depend on the degree of disulfonation (copolymer
composition), acidification method, and hydrothermal treatment. The two regimes are observed
by AFM to represent: (1) a“closed” structure where the hydrophilic copolymer chain segments
essentially aggregate as isolated domains or (2) an “open’ structure where the domain
connectivity of the hydrophilic phase of the copolymers is achieved. It was demonstrated that
methanol permeability (25°C) of the copolymers abruptly increased at copolymer compositions
and processing conditions that influenced the membrane morphology to change from a closed to
a much more open structure. The activation energy in the closed structure regime, ~20 k¥mol-K,
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was about 35 % higher than that in the open regime, ~15 kJ/mol-K. The BPSH copolymers had
higher selectivity than Nafion because of their remarkably lower methanol permeability,
suggesting these materials hold promise for improved DMFC performance. Selectivity (e.g.,
proton conductivity/permeability) increased with the degree of disulfonation in closed structures,
but decreased in the open structure regime. It is suggested that the optimum concentration of
proton conducting groups for DMFC should be observed at or near the percolation threshold.

Indeed, performance comparison studies have been conducted by Drs. Y.S. Kim and B. Pivovar
at Los Alamos National Labs on BPSH-30 in comparison with Nafion 112, which is a similar
thickness, and even Nafion 1110, which is much thicker. The results, which are provided Figure
4, courtesy of our LANL colleagues, indicates significant improvement in both fuel efficiency
and power density.

Nitrile containing copolymers have also been identified as excellent candidates for direct
methanol fuel cells for proton exchange membranes. This is particularly true if the bisphenol is
partly or completely derived from the hexafluorinated starting 6F bisphenol. Some of the results
have recently been published and are summarized below (Ref: M.J. Summer, W.L. Harrison,
R.M. Weyers, Y.S. Kim, JE. McGrath, JS. Riffle, A. Brink, M.H. Brink, “Novel Proton
Conducting Sulfonated Poly(arylene ether) Copolymers Containing Aromatic Nitriles,” J.
Membr. Sci., 239(2), (2004), 199-211).
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High mol. wt. nitrile-functional, (hexafluoroisopropylidene)diphenol-based poly(arylene ether)
copolymers with pendent sulfonic acid groups were prepared by step copolymerization. of 4,4'-
(hexafluoroisopropylidene)diphenol,  2,6-dichlorobenzonitrile, and  3,3-disulfonate-4,4'-
dichlorodiphenylsulfone. Copolymers containing as much as 55 mol% disulfonated units were
cast from DMF solutions to form tough ductile films. The films were converted from the salt to
the acid forms with dilute sulfuric acid followed by deionized water. Dynamic TGA
demonstrated that the well dried, acidified, nitrile-containing copolymers had no wt. loss up to
300°C in air. A systematically varied compositional series showed increased glass transition
temperatures, protonic conductivities, and hydrophilicities as a function of disulfonation. Films
containing 2 20 mol% of the disulfonated repeat units had Tg's of 220°C and higher. At
approximately equivalent ion exchange capacities (IEC), e.g. 1-1.6 meq g-1, the protonic
conductivities of these films were comparable to other disulfonated poly(arylene ether sulfone)
copolymers investigated. The benzonitrile-containing disulfonated copolymers also had reduced
moisture absorption (10-15 wt.%) compared to other disulfonated poly(arylene ether sulfone)
copolymerswith equivalent IECs. The copolymer with 35 mol% of the disulfonated comonomer
had a protonic conductivity of >0.10 Scm-1 at 110°C and 100% relative humidity. The protonic
conductivities of the benzonitrile-containing copolymers decreased as expected as relative
humidity was lowered. Atomic force microscopy in the tapping mode demonstrated that the
acidified copolymer with 35 mol% disulfonated units was nanophase separated into an
essentially co-continuous morphology of hydrophobic and hydrophilic domains. Further efforts
are ongoing to tranglate these promising results into membrane electrode assemblies for proton
exchange membrane fuel cell devices.

Initial life test results on the 6FCN35 were developed, again by Dr. Y.S. Kim at LANL, by
preparing MEASs and measuring current density as a function of time at 80°C. The performance
data expressed in terms of losses after 700 hours of aging, show that the nitrile sampleis at least
comparable to the Nafion control. Thisisalso illustrated by the stability of the high frequency
resistance (HFR) values over a 500 hour test period, as shown in Figure 5.
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